It is now more than 30 years since the discovery of the surface-enhanced Raman effect. For much of that time a strong and at times dominant interest has been the investigation of the underlying physics of the phenomenon, stimulated in part by the enormous magnitude of the enhancement effect, but it was in a chemical context, that of developing Raman spectroscopy as an analytical technique in electrochemistry, that the phenomenon was first observed. Two papers presenting accounts and personal reminiscences of these earliest experiments have recently been published by Richard Van Duyne of Northwestern University, Illinois, USA, and by James McQuillan, a colleague in 1973 of Martin Fleischmann and Pat Hendra at the University of Southampton, UK.
1,2 Brief reminiscences by Pat Hendra have also appeared in a publication on the Internet. 3 All of these publications, in addition to describing the early work at Northwestern University and the University of Southampton, refer to contributions to the early development of surface-enhanced Raman spectroscopy (SERS) from the University of Kent, UK. No historical account of these latter contributions has previously been given, however, and it is to fill this gap that this article is presented.
The work that led directly to our accidental encounter with what was to become known as SERS began towards the end of 1976, and because my research group had at that time had no previous involvement in surface spectroscopy or electrochemistry, I begin by explaining how it came about that we started Raman work on electrode surfaces, and in particular on the roughened silver electrode with adsorbed pyridine. My own research interest at that time-originating from my doctoral research in 1959 -61 at Oxford University and continuing through postdoctoral research at the University of Maryland and a four-year post at the UK National Physical Laboratory-was in the applications of Raman spectroscopy in inorganic chemistry, and on joining the Chemistry Department at the University of Kent in 1967 I set up a Raman group there to continue this interest. Tom Sinclair, a postgraduate who completed his PhD in my research group in 1973, went on to a position at Fort Halstead, a British Ministry of Defence laboratory, and he telephoned me one day in the spring of 1976 to tell me of an opportunity for research funding for developing a method of detecting molecules that chemisorb on zinc surfaces from aqueous media. The interest in doing this was to identify substances that might be worth testing as potential corrosion inhibitors for zinc. Tom suggested that Raman spectroscopy might have this detection capability, and I wrote a research proposal and was successful in being awarded a one-year contract 4 to evaluate Raman spectroscopy for this purpose.
The funding provided for a postdoctoral appointment and for the purchase of a photoncounting system for our Raman spectrometer, and we interviewed and appointed Grant Albrecht, who had just been awarded his PhD at Imperial College, London, for work relating to solid-state inorganic photochemistry. The project started in October 1976, and Grant began by immediately trying to record Raman spectra from zinc surfaces in contact with aqueous solutions of substances that were known to adsorb on zinc, including pyridine. When after several weeks he had had no success with this, we became concerned that our Raman spectrometer might not have sufficient sensitivity to detect an adsorbed layer. We therefore decided to check this by attempting to repeat a published study in which the Raman spectrum of a monolayer at a metal surface had already been successfully measured. Most of the papers on the Raman spectra of adsorbed molecules at that time were concerned with adsorbates at non-metallic surfaces such as metal oxides, but of the very few 5, 6 that we were able to find relating to monolayers on metallic surfaces the most striking was the paper by Fleischmann, Hendra and McQuillan on the Raman spectrum of pyridine at a silver electrode, 5 and Grant began trying to repeat this work in December 1976. An essential part of the procedure in that paper was the electrochemical roughening of the silver electrode before running the Raman spectrum, by repeatedly cycling the electrode between oxidizing and reducing potentials in KCl solution. Because we did not have a potentiostat, Grant's initial attempts at electrode roughening were with a simple direct-current variable-voltage source, but although it seemed that roughening did occur as judged by the change in the appearance of the electrode surface, no Raman results were obtained from these preliminary experiments. However, I already knew Pat Hendra quite well, and early in 1977 I invited him to visit Canterbury to give a lecture about the Southampton Raman work on silver and other metal electrodes, and in the informal discussion at the end of his lecture he very kindly invited Grant to visit Southampton to see their techniques at first hand. Grant spent several days at the University of Southampton, where he was shown their experimental set-up and procedure for silver electrode roughening. Unfortunately, however, it was not possible to obtain Raman spectra from the silver electrode during Grant's brief visit. 7 On his return to Canterbury, Grant borrowed a potentiostat and tried again to repeat the Southampton experiment with our Raman spectrometer. Because at that time he was my only co-worker and there were no other demands on the Raman spectrometer, he set up the potentiostat alongside the spectrometer and performed the electrode roughening with the Raman cell containing the electrode in situ in the spectrometer. This was a fortunate accident, because from the start it brought an interactive element to his roughening experiments. In the original Fleischmann et al. procedure 5 the electrochemical roughening had been quite prolonged, consisting of repeated oxidation-reduction cycling of the electrode over a period of about 15 minutes, because its intended purpose was to increase the surface area and therefore the amount of adsorbed molecules at the electrode surface. However, with our single-channel spectrometer set to continuously monitor one of the intense pyridine bands while the roughening was being conducted, it was a simple matter for Grant to notice the very strong Raman signals that appeared at the end of the first oxidation -reduction cycle and to observe that these signals became considerably diminished if the roughening was continued for as long as 15 minutes. I very clearly remember sitting in my office shortly after his return from Southampton when he came to tell me of his first successful Raman observations. He said that he seemed to be getting J. A. Creighton good results but that there was something wrong with the spectrometer, because the tops of the strongest peaks were cut off. When I saw the spectra I was very surprised by the good signal:noise ratio of the adsorbed pyridine bands and thought that this cut-off looked like saturation of our spectrometer detection system (at that time still a photomultiplier and direct-current amplifier) because the cut-off level was the same for several peaks. This indeed proved to be correct, because when he decreased the laser power the full band shape was restored. Spectra showing this are among the very few that have survived from our earliest SERS data, and they are reproduced in figure 1 . The right-hand spectrum shows the 1008 and 1036 cm 21 peaks of pyridine at a laser power of 500 mW (a much higher power than we used in subsequent work and a consequence of our lack of success up to that point in obtaining spectra from metal surfaces), and the left-hand spectrum (with a change in intensity scale) the same peaks with the laser power reduced to 80 mW. 8 The annotations are in Grant's handwriting. Unfortunately the spectrum is undated; it was run in early 1977, although its exact date is unknown.
This signal saturation was something I had not seen before, even for the most intense Raman scattering substances we had examined with our spectrometer, and it was this saturation that particularly impressed on me that the pyridine bands that Grant had recorded were of quite exceptional intensity. Initially this high intensity was a source of some suspicion, and an early task was to check that the bands were indeed Raman bands and were not due to some emission process. We did this by repeating the observations Figure 1 . The 1008 and 1036 cm 21 SERS bands of pyridine at a roughened silver electrode after an oxidationreduction cycle in KCl solution, showing in the right-hand spectrum saturation of the 1008 cm 21 peak at high laser power (500 mW at 514.5 nm). 8 For the left-hand spectrum the laser power has been decreased to 80 mW. The numbers above the peaks in the left-hand spectrum refer to the peak heights, and there is a fourfold difference in the sensitivity scales for the two spectra, as indicated by the annotations referring to the chart paper full-scale deflections of 20 V and 5 V.
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(and getting the same results) at a different laser wavelength (632.8 nm). By March 1977 we felt ready to publish our results, including our estimate that the pyridine bands were about 10 5 times more intense than one would have expected for a monolayer of adsorbed pyridine, and Grant prepared the first draft of a manuscript entitled 'Anomalously intense Raman spectra of pyridine at a silver electrode', which we mailed to the editor of Journal of the American Chemical Society on 1 April 1977. Our accompanying letter stated our belief that our measurements 'demonstrate a new important effect', which if generalized to other metal surfaces 'is likely to be of very considerable practical importance in providing a means of monitoring electrochemical processes at a molecular level.' The editor replied within a very few weeks, enclosing comments from two referees, one of whom recommended acceptance of the manuscript. The other referee was Richard Van Duyne, who expressed the view (as he has already described 1 ) that our manuscript should not be published, on the grounds that much more detailed and extensive measurements on the same electrode system had been made by Jeanmaire and himself, and that these were already in the process of publication. I had been totally unaware up to that point of Jeanmaire and Van Duyne's work, and I replied to the editor that I did not feel that the reason given by the dissenting referee should be sufficient to block publication of our results. The next thing I heard, a few weeks later, was that the manuscript had been accepted. It appeared in print in the 20 July 1977 issue of J. Am. Chem. Soc. 9 at almost the same time as the paper by Jeanmaire and Van Duyne in Journal of Electroanalytical Chemistry.
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Although our first investigations of the pyridine/silver electrode were independent of those of Jeanmaire and Van Duyne and appeared in print at almost the same time as their paper, it is clear that they made their first observation of the very large Raman signals, and recognized that these signals were remarkably and unaccountably large, before we did. Thus, Van Duyne has described how as early as February 1975 they observed 40 000 photon counts per second in the most intense pyridine Raman bands near 1000 cm 21 using 200 mW of laser light at 514.5 nm. 1 We did not have photon-counting detection at the time of our first SERS measurements in early 1977, although we acquired it a few months later funded by the research grant referred to above, and shortly after building this into our spectrometer in the late spring of 1977 we adopted as a working criterion for an acceptably well-roughened silver electrode that the photon count rate in the ca. . This is only roughly an order of magnitude smaller than the signals later published by Jeanmaire and Van Duyne, 10 but although in his historical account 2 McQuillan states that the Southampton group were well aware in 1973 that the Raman signals were unusually large, there was no reference to unexpectedly high signal intensities in their original paper. that this might help us to devise a Raman technique that was applicable to zinc. The only effect we knew of that seemed consistent with the high intensities was the resonance Raman effect, the enhanced Raman scattering that occurs for some coloured substances that have an absorption band close to the Raman excitation wavelength, but there was the obvious difficulty that the nearest pyridine absorption bands are in the near ultraviolet, at roughly half our laser wavelength. However, Grant found a paper that had just been published by Philpott 11 in which the theoretical prediction was made that the electronic energy levels of molecules adsorbed at the surface of free-electron metals can be broadened by interaction with the surface plasmons of the metal, with the result that (quoting from Philpott's paper) 'molecules near the surface would show the resonance Raman effect at a frequency for which the isolated molecule showed only ordinary Raman scattering.' This seemed to provide exactly the explanation we were looking for, and we therefore suggested this resonance Raman mechanism, involving broadened energy levels, as the source of the high intensities in our J. Am. Chem. Soc. paper. 9 We made this suggestion without being specific about which energy levels were involved, but what we had in mind was that the resonant scattering was associated with the p ! p* transition of pyridine, which, although near 260 nm for the free molecule, was broadened by interaction with the silver surface plasmons so that it overlapped our laser wavelength at 514.5 nm.
The idea that what we had observed might be a resonance Raman effect made us think about using other laser wavelengths to determine the resonance excitation profile. However, what we thought would be particularly interesting was to include Raman measurements made with an ultraviolet laser, because both of the electronic excitations involved in our proposed resonance Raman mechanism (the pyridine p ! p* transition and the surface plasmon excitation for bulk silver) are in the near ultraviolet. Our shortest excitation wavelength was 457.9 nm from our argon laser, but by chance Ron Hester of York University, who had a Raman spectrometer with ultraviolet excitation capability, was already scheduled to visit our department in the early summer of 1977 to give an invited lecture, and this gave us an opportunity to interest him in running the pyridine/ silver electrode with ultraviolet excitation. Grant went up to York to advise on the electrode roughening, and when Ron Hester ran the spectrum he found, to our joint great surprise, that whereas he was able to record good Raman signals from adsorbed pyridine with the various visible-range excitation wavelengths from his argon and krypton lasers, the adsorbed pyridine bands were undetectable for excitation at 350.6 nm. He therefore measured the Raman excitation profiles of the SERS bands over his full range of available laser wavelengths, and we also made excitation profile measurements with our more limited range of laser wavelengths. These results showed that instead of the pyridine bands having their maximum intensity for excitation in the ultraviolet, the bands remained undetectable as the excitation wavelength was moved from the ultraviolet to about 450 nm, and increased in intensity as the excitation was moved across the visible into the red. These were the first SERS excitation profile data to be measured, and they were reported in a joint publication submitted to Chemical Physics Letters in November 1977. 12 Early in 1978 I visited Ron Hester in York to discuss our joint work, and his colleague Jim Matthew was also present at the discussion. We discussed the fact that the increase in Raman scattering efficiency towards the red suggested that the adsorbed pyridine was involved in some kind of surface species with an absorption band in the red, implying perhaps a species having a bluish colour. Together we therefore tried to think of any Early development of SERS coloured species (not just bluish ones) that could conceivably be present at the electrode surface. We were unable to think of any coloured pyridine derivatives or pyridine -silver complexes that seemed at all likely to be present at the electrode (Ag 2þ complexes such as the well-known orange [Ag(C 5 H 5 N) 4 ] 2þ were ruled out because the electrode was at a reducing potential), but Jim Matthew mentioned that he remembered reading that colloidal dispersions of metallic silver particles could be made with various colours.
On returning to Canterbury I did not follow up on this discussion immediately, but in March 1978 Chris Blatchford, who was in the first year of research for his PhD, and I began experiments to make silver and gold colloids. Working together one afternoon, having done no previous literature work on metal colloids, we tried adding a solution of sodium borohydride, the only reducing agent that happened to be on our reagent shelves, to a silver nitrate solution. We found that provided that the silver nitrate solution was sufficiently dilute (less than about 10 23 mol dm
23
) this gave a beautifully clear yellow silver colloid. When we then added pyridine to this yellow colloid (to a concentration of about 10 22 mol dm
, the same concentration as in the pyridine silver electrode experiments) the colour slowly changed through various greenish shades, finally becoming blue-grey before silver was deposited as a black precipitate. A similar procedure using Na [AuCl 4 ] in place of AgNO 3 gave a wine-red gold colloid that also changed colour gradually when pyridine was added. We straight away put these pyridine-containing colloids into the Raman spectrometer and observed the same 1008 and 1036 cm 21 Raman bands of adsorbed pyridine that we had previously seen from the roughened silver electrodes. Although the bands were not as intense as in the spectra from roughened silver electrodes, it was clear that they were nevertheless considerably enhanced, because with the same spectrometer settings we could scarcely see the ca. 1000 cm 21 bands from a pyridine solution of the same concentration in the absence of the colloidal metal particles. The Raman bands were also substantially depolarized, a characteristic of SERS bands, 10 whereas for pyridine in solution the strong bands around 1000 cm 21 are very strongly polarized. The colour change on adding pyridine to the silver sols was found to be due to a new absorption band that appeared initially near 450 nm and shifted progressively towards the red as the colour slowly changed, and it was obvious that we needed to measure the excitation profiles of the 1008 and 1036 nm Raman bands to see how the profiles related to the absorption spectra. However, we had only an argon laser and a helium -neon laser, yet our work with Ron Hester had shown us that for excitation profile measurements we really needed the wider range of excitation wavelengths available from a krypton laser. I therefore immediately telephoned Spectra Physics UK to ask whether they would lend us a krypton laser, promising that I would apply for funding for the purchase of a krypton laser if our work with a loaned one was successful. They told me that they would lend us a krypton laser that very weekend, but that we would have to relinquish it on the Monday morning because it was booked for hire for a laser light-show. Spectra Physics delivered the laser that Friday afternoon, and Chris Blatchford and I worked together through the weekend until late on the Sunday night, measuring all the Raman data required for the manuscript we submitted a few weeks later (on 18 July 1978) to Journal of the Chemical Society, Faraday Transactions, 13 giving the first report of SERS from colloidal metal substrates, the SERS excitation profiles and absorption spectra for silver sols of various colours containing pyridine, and also incidentally the first report of SERS from gold. I chose J. Chem. Soc. Faraday Trans. as (I thought) an especially appropriate journal in which to publish these results because I knew that Faraday himself had been a J. A. Creighton pioneer of research into metal sols (he spent most of the year 1856 working on colloidal gold 14 ). During that most productive weekend, the moment when we realized that the SERS excitation profiles were sharply peaked and that the SERS excitation profile maximum was tracking the absorption maximum as the colloid slowly changed colour was the most exciting research moment I can recall, but nevertheless, on the Monday morning the world of pop music asserted itself when the light-show crew duly came to collect their laser.
Although there had been speculation about the involvement of surface plasmons since the very early days of SERS, our observation that the Raman excitation profile maxima for the silver and gold colloids followed the plasma resonance absorption maxima was one of the first really clear pieces of experimental evidence to firmly establish this connection between SERS and surface plasmons. Our paper ended with the statement that 'the role of the electrochemical roughening is now seen to be the creation of structures on the surface which are resonant at optical frequencies.' Just a month before submission of our paper, Martin Moskovits in June 1978 submitted a paper to Journal of Chemical Physics 15 in which he also proposed that the main significance of the roughening of the silver electrodes was that it produced bumps on the electrode surface that behave like 'a twodimensional colloid of metal spheres', and that it is the coupled plasma resonances of these bumps that enhance the Raman scattering of molecules adsorbed at the electrode surface through a resonance Raman mechanism. Part of the experimental evidence on which he made this proposal was that there seemed to be considerable variability in the excitation profiles for silver electrodes according to data which had just been published, namely the excitation profiles measured by Ron Hester and ourselves, 12 which rose towards the red, and profiles measured by Van Duyne, which rose towards the blue. 16 Unaware of each other's work, Moskovits and ourselves had thus almost simultaneously come to the same conclusion about the role of electrode roughening and, more importantly, the role of small-particle plasma resonances in SERS. There was already a well-developed theoretical literature describing the optical properties of colloidal dispersions, including the electromagnetic resonances of small metallic particles, and there quickly followed theoretical papers by Kerker et 17 in which the electromagnetic theory of SERS was developed for metal particles of various shapes.
We never did get Raman spectra from zinc surfaces, but we did receive funding for the purchase of our own krypton laser. With this we made a more detailed and accurate measurement of the SERS excitation profiles for pyridine on gold colloids at various stages of aggregation. 18, 19 A difficulty that we had experienced with the silver and gold colloids made by the borohydride method was that we were unsure whether the colour change that occurred when pyridine was added to the colloids was due to aggregation of the individual particles or whether it was due to particle growth. This was because the interpretation of the electron micrographs of the sol particles was confused by the large range of particle sizes present even before the pyridine was added. 20 We were therefore grateful to have our attention drawn by Professor R. Ottewill of Bristol University to the paper by Turkevitch et al. 21 giving details of the citrate reduction method for preparing colloidal gold, whereby the particles are much more uniform in size and more spherical in shape than those made by the borohydride method. From the much less ambiguous electron micrographs that these sols gave, 18 it was quite clear that it was aggregation and not particle growth that was induced by the addition of pyridine, and we were able to get Early development of SERS a good impression of the size of the aggregates in the various gold colloids whose SERS excitation profiles we had measured. We were very surprised, however, by the rather open structures of the colloidal gold aggregates, which were like strings of beads and not the compact clusters that we had expected.
Silver and gold colloids have since become much used as SERS substrates, in part because of their ease of preparation, the considerable degree of control of particle size and aggregation, and the relative ease with which the particles can be characterized by electron microscopy and spectrophotometry. The recognition of 'hot particles', giving quite astonishing SERS enhancement factors and enabling single-molecule detection by SERS, 22, 23 are outstanding recent developments in which colloidal silver particles have been used, and many of the emerging analytical applications of SERS, relating for example to biochemistry or forensic science, also make use of colloidal silver or gold substrates. Kerker has commented on the significant place of SERS in the context of the history of light scattering, with particular reference to SERS from metal colloids. 24 With the current emphasis on research into nanoscale materials, it is interesting that colloidal SERS substrates, and SERS substrates in general, are one of the most striking (and one of the earliest) examples of the exceptional properties of materials on that scale.
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